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Abstract
Uranium is an element of interest because it is an abundant source of concentrated energy. In 1948
the US offered money for uranium ore mined in the US, which created a mining boom in the
southwest that included the Navajo Reservation. During the late 1960s the demand for uranium
decreased and many mining operations shutdown and left behind a legacy of contamination.
As a result many Navajo communities have numerous water sources that exceed established
maximum contamination levels for uranium and other toxic metals. These contaminations are a
direct result of abandoned Cold War uranium mines and mill waste sites as well as the geology of
the area. The improper disposal of these wastes has resulted in adverse health and ecological
impacts.
Groundwater contaminations caused by heavy metal ions remain an environmental concern,
despite many years of research on remediation. Traditional solvent extraction methods are
expensive, time consuming and pose additional problems with the generation of waste products.
The aim of this study is to use solid phase extraction methods to remediate contaminated water
sources. An example is Silica Polyamine Composites (SPC), which have been used to filter, isolate
and remove unwanted metals by acting as a chelating agent.
Given the high valent nature of uranium and the effectiveness of adsorption of metals from
wastewaters and mine leachates by SPCs, we hypothesized that a phosphonated SPC will be
effective at removing uranyl ions from contaminated water. An aminophosphonic acid
functionalized SPC, BPAP, has been applied to uranium adsorption studies. This study has
determined BPAP’s ability to be selective for uranium adsorption even in the presence of high
concentrations of ions that form complexes with the uranyl cation, such as nitrate and sulfate, using
batch capacity studies. Using ICP-OES analysis, we determined BPAPs capacity for uranium in
aqueous solutions as 0.42 mmol/g. In addition, we have determined the working capacity of BPAP
to be 146 mg/g under flow conditions. Although this result is far from ideal studies are currently
underway to minimize the differences and acquire more accurate data. It is ideal to have both the
batch capacity and working capacity to be close in value because it demonstrates the potential for a
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remedial application. One positive aspect of these studies are the recovery of the uranium from the
BPAP column with a sodium carbonate gave a solution that was 50 times more concentrated than
the feed. Again this shows the ability of SPCs, in general, to not only remediate but to also recover
the metal(s) for the intent of reusability. Previous reports have shown that these materials can
survive more than 3000 cycles of metal ion extraction, elution and regeneration with less than 10%
loss of capacity.
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Chapter 1: Background
1.1

Introduction
The Navajo Nation also known as Diné Bikéyah (Fig.1.1), is located in the

southwest United States. It extends to parts of Arizona, New Mexico and Utah. It is
approximately 27,000 square miles 1 and is home to more than 300,000 tribal members 2
according to the 2010 US Census. I grew up on the Navajo reservation in a community
called Sweetwater, AZ, which is located approximately 50 miles from the Four Corners. A
vast majority of the Navajo reservation is located on the Colorado Plateau and consists of
one groundwater basin, the Black Mesa Basin, which is located in the upper Colorado River
Basin (Fig.1.2). 3
In 1948 the US government offered money for uranium ore mined in the US, this
created a mining boom in the southwest that also included the Navajo Reservation. During
the late 1960s, the value of uranium and the demand for it decreased which resulted in
these mines being shut down. Many Navajo people have been, and continue to be, exposed
to uranium and other metals through the legacy of uranium mining. More than 1100
abandoned Cold War uranium waste sites remain within Navajo communities, and
numerous wells exceed maximum contaminant levels for uranium and other metals such as
arsenic, lead and selenium. 4 The Dept. of Energy and EPA are currently attending to the
cleanup of uranium contaminated sites by relocating the contaminated soils to an
alternative location. However, the cleanup of contaminated groundwater and surface
waters is still not being addressed.

1

Figure 1. 1 Navajo Reservation 48

Figure 1. 2 Colorado River Basin (USGS)

2

1.2

Uranium
Uranium is the heaviest naturally occurring element on Earth. It has 14 isotopes and

has atomic masses that range from 227 to 240. 5 All uranium isotopes are radioactive.
Uranium has a large ionic radius and has a high charge. For this reason uranium is unable
to incorporate into the structure of major rock forming minerals instead it is enriched
during magmatic processes. 6 Naturally-occurring uranium typically contains 99.283
percent 238U, 0.711 percent 235U, and 0.0054 percent 234U by weight. The half-lives of these
isotopes are 4.51 x 109 y, 7.1x 108 y, and 2.47 x 105 y, respectively. 5Uranium can exist in the
+2, +3, +4, +5, and +6 oxidation states 5, of which the +4 and +6 states are the most common
states found in the environment.
U(IV) is stable in reducing environments, is slightly soluble and is the least mobile
form of uranium. Uraninite (UO2+x) is the most common reduced mineral species and is the
main ore mineral in many uranium deposits. 7,8Whereas, U(VI) is stable in oxidizing
environments, is the most soluble and the most mobile. 8It can also form complexes with
hydroxides, carbonates, sulfates and phosphates and many other cations and anions. 6
Therefore in the presence of oxygen U(IV) is oxidized to U(VI), which allows the uranium to
dissolve in water as the uranyl oxycation (UO22+). The dissolution of uraninite is shown in
equation 1:
2 UO2(s) +4H+(aq) +O2(g) → 2 UO22+(aq) +2H2O(l) (1)
Uranium minerals are very diverse and approximately 5% of all known minerals
contain uranium. 6 There are two main tetravalent uranium minerals that occur in uranium
ore deposits, uraninite and coffinite. 6 Hexavalent uranium minerals are less abundant but
3

are the most diverse, they are often colored and can be deposited as primary ore minerals. 6
Uranium ore minerals often contain small amounts of thorium, rare earth elements, lead,
calcium and other elements as ion substitutions. 7These minerals are easily weathered.
However the minerals and deposits in which uranium and thorium are found are confined
within its crystal lattice and prevent mobilization of these elements and their decay
products into the environment. It is not until these deposits and minerals are unearthed
and metallurgically extracted that they can be mobilized into the environment. 7
The chemical behavior of U(IV) and U(VI) depends on a variety of factors that
include the redox environment, pH and the composition of the water as well as the mineral
composition. In fresh water and seawater uranium usually exists in the U(VI) form and in
groundwater it exists in both forms, U(IV) and U(VI). Concentrations of uranium in
different water sources vary, from 0.1 µg/L in reducing environments to several grams per
liter in oxidizing environments. 9 The average concentration in seawater is 3.3 µg/L and in
surface waters 0.01 to 5 µg/L. 9 In ground water the concentration typically ranges from 0.1
to 500 µg/L. 9 However, the dominant uranium species are dependent on the pH-Eh
conditions (Fig. 1.3-1.6) and the concentration and availability of complexing ions. 10
Uranium Speciation
Depending on the environment, uranium speciation can vary significantly. In
sediments, uranium exists mainly in the form of colloids and/or dissolved ions. 10 In
aqueous environments, uranium speciation can be determined by computational modeling
and analytically. However, analytical methods remain to be improved. Therefore much of
the speciation of uranium is determined by thermodynamic speciation modeling that uses
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the equilibrium constants and/or the Gibbs free-equation to arrive at species distribution.
10

According to the Eh-pH diagram (Fig.1.3), the speciation of uranium is dependent on
pH. In reducing environments the Eh values are negative while in oxidizing environments
the Eh values are positive. At lower pH values and oxidizing conditions the dominant
species of uranium is in the form of UO22+. At higher pHs and reducing conditions the
dominant species of uranium is UO2. The dotted line represents the stability zones of H2O.
Beyond this zone the conditions are such that water can be oxidized or reduced. The lines
separating two species indicate that the two species on either side of the line are in
equilibrium. When uranium is in its neutral form, UO2.25, it is most likely to be found as a
cluster. In oxidizing conditions the uranium molecules are surrounded by water molecules.
Since the UO22+ is a strong Lewis acid it can complex with many different compounds via
oxygen atoms especially in natural waters. At dilute concentrations (<10-6 M) UO2(OH)+is
the dominant hydrolyzed species and above this concentration a mixture of UO2(OH)2,
UO3(OH)42- and UO2(OH)53- forms are also observed. 11
In natural waters uranium is usually complexed with not only carbonate but also
hydroxide, phosphate, fluoride, sulfate and silicate, which increases the mobility of
uranium in surface and ground waters. 12 In oxidizing waters, U(VI) forms soluble
hydroxide and carbonate complexes. Adsorption of U(VI) is sensitive to pH and is negligible
at low pH values where UO22+ is the dominant species however between the pH range of 4
to 6 adsorption increases. 13Uranium speciation for the U-O-H system (Fig.1.4) shows UO22+
is the dominant species and exists in well aerated environments such as streams whereas,
U(OH)5- does not exist under any environmental conditions. 14
5
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Figure 1.3 Eh-pH diagram for uranium at 1M conditions.

Figure 1.4 Eh-pH diagram for U-O-H system
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Adding carbonate to the system changes the Pourbaix diagram as shown in Fig. 1.5.
Uranium forms three carbonate complexes of which two are soluble (UO2CO3 and
UO2(CO3)22-, bright green) under the conditions where U3O8 was dominant in the U-O-H
system. 14The addition of silicate also results in significant changes, regions where UO2 and
U3O8 are stable shown in Figures 1.4 and 1.5. no longer exist. The U-Silicate system (Fig.
1.6) now has USiO4 and U(OH)5- as stable species over a range of environmental conditions
. The significant point is that U(OH)5- is soluble and would exist at conditions found in
ground water unlike in Figure 1.4 where it was insoluble and did not exist under any
environmental conditions. 14Overall, depending on the environmental conditions (pH,
partial pressures of air and CO2, and complexing ligands) the various uranium species can
change. Therefore, it is important to understand the environment and determining the
speciation of uranium under given conditions is crucial to the reliability of predicting its
fate and transport in natural waters. 15 The measurement of uranium speciation in the
subsurface environment is a difficult and expensive task. 15

7

Figure 1.5 Eh-pH diagram for U-Carbonate system

Figure 1.6 Eh-pH diagram for U-Silicate system
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Uranium Fate and Transport
The fate and transport of uranium, is complicated, as previously stated. Because it
occurs in the environment in many different forms it can also be transported via a variety
of methods. Figure 1.7 is an example of how the uranium can be distributed into sediments,
water and air. The diagram illustrates how open pit and shaft mines, that were abandoned
and the resulting huge piles of waste ore and tailings are the main sources of
contamination. Since the ore and waste piles are most likely comprised of oxidized forms of
uranium, it is easily mobilized throughout the environment.
The blowing wind further disperses the radioactive dust that could be inhaled by
both animals and humans. Inhalation of tainted dust can result in a number of different
health problems including respiratory problems. This tainted dust will eventually settle
on/in the soil. From the tailings piles, open pit mines and mineshafts, the now mobilized
uranium can easily leach into soil and eventually reach the groundwater, while other forms
could mix with surface water runoff and streams and rivers nearby. The mobilized species
can then travel through soil and groundwater after settling to later be taken up by
vegetation/crops via roots and then later consumed by animals then humans. Navajos
living within close proximity to abandoned mine sites have their crops and livestock,
exposed to uranium. In addition they are exposing themselves and their families.
There are currently on going studies that are both examining plant uptake of
uranium as well as bioaccumulation of uranium in livestock located with the boundaries of
the Navajo Nation 16-18.

9

Figure 1.7 Transport of uranium through environment 49
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Uranium Refining

Uranium Refining
Uranium is usually removed from the subsurface environment via open pit and
underground mines, milling, leaching and in-situ leaching. Depending on the uranium ore
(UO2, UO3, and sometimes U3O8) it is chemically enriched to either U3O8 or UO22+ (Equations
2-4).
U3O8 + 2H2 ===> 3UO2 + 2H2O or

(2)

UO3 + H2 ===> UO22+ + H2O or

(3)

UO2 + 2Fe3+→ UO22+ + 2Fe2+

(4)

In the later cases (3-4) the UO22+ goes through an acid or alkaline leaching using H2SO4 or
Na2CO3 forming complex ions [UO2(CO3)3]4- and [UO2(SO4)3]4-. 19 After leaching, a
concentration/purification is completed, to remove other materials leached from the ore,
using ion exchange or solvent extractions (reactions not included). 19 This step converts
leachates to insoluble polyuranate (yellowcake) and then calcined to remove carbonate
The U3O8 is further refined by treatment of HNO3 forming UO2(NO3)2•6H2O then converted
to UO3 and finally back to UO2 (reactions not included). 19 Finally UO2 is converted to UF6
(equations 5-6).
UO2 + 4HF ===> UF4 + 2H2O

(5)

UF4 + F2 ===> UF6 (g)

(6)

At this point the different isotopes are separated by atomic weight (U235 and U238). Of which
U235 is fissionable while U238 is converted to Pu239 that is also fissionable (equation 7).
(7)

11

The UF6 is then allowed to cool and solidify before it is transported to fuel fabrication
where UF6 is heated and converted back to low enriched uranium UO2 powder and pressed
into a fuel pellet for nuclear reactors. The overall cycle of the fuel is diagramed in Figure
1.8. 20

Figure 1.8 Nuclear Fuel Cycle 25
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Uranium and Human Health
There are numerous health effects that arise from exposure to metals. Arsenic and
uranium naturally occur in the environment and individuals are commonly exposed to
these metals by inhalation, ingestion and in some cases through dermal contact. In 1980
and 1998 there were a series of population studies that determined that chronic ingestion
of uranium is associated with adverse changes in kidney function.

21

These studies were

the basis for the USEPA’s revision of the national drinking water standard for uranium,
from 30 μg/L to ?? in 2000. 22 In addition, comprehensive public health studies on the
Navajo Nation have indicated that chronic kidney disease, diabetes, high blood pressure
and autoimmune disease are higher in Navajo communities with higher number of uranium
mines. Initial exposure models indicate that environmental exposures, including living
within 0.8 kilometer of a uranium mine site or coming in contact with wastes are
significant predictors of kidney disease and diabetes.

21

Uranium exposure has been linked to increases in cancer mortalities and has been
demonstrated to have radiological effects in various organs such as bone, kidney, brain,
liver, lung, intestine and reproductive systems. 23,24 There have also been 37 cases of Navajo
Neuropathy, which is a progressive neurological deterioration, that results from
consumption of mine water. 25 Many of these people do not live passed their 20s. These
radiological effects are mainly due to its radioactivity (alpha emitter) and chemical
properties, U toxicity results from both chemical and radiological toxicity. A link has also
been established between birth defects and adverse outcomes in pregnancy for women
living in close proximity to abandoned mines. 24, 26 Some of these exposures occur from
occupational exposure and through exposure to mine tailings. Some studies have also
13

indicated that acute exposure to uranium can be chemically toxic to the kidney and chronic
exposure can be genotoxic. 27 Yazzie et al presented evidence that uranium causes DNA
damage by two mechanisms. 27The first is by free radical formation that causes DNA
damage that induces apoptosis (cell death). The second is through direct interaction that
involves the uranyl-Asc complex interacting with the negatively charged DNA phosphate
backbone. Uranium’s chemical toxicity is poorly understood and the mechanisms are still
unknown. However, there are a number of studies that suggest that uranium is genotoxic
and cytotoxic. 23,24,26-29Uranium exposure can lead to DNA damage and mutations, which
are the underlying, cause of cancer formation.
There are also some studies that suggest that there are a number of co-contaminates
such as arsenic and selenium that also naturally occur in the Navajo Reservation
environment that are associated with other types of health problems and cancers.
24,29Arsenic

is similar to uranium in that it too can cause DNA damage and interfere with

repair mechanisms. For arsenic, the mechanism involves the disruption of the zinc finger
domain of DNA repair proteins. Such DNA repair proteins are Poly(ADP-ribose)
Polymerase-1 (PARP-1).
PARP-1 is part of a larger family of enzymes that use NAD+ as a substrate to transfer
ADP-ribose onto glutamic acid residues of proteins. 30 PARP-1 is involved in DNA damage
repair, specifically base excision repair (BER) and nucleotide excision repair (NER). PARP1 has 3 zinc finger (zf) motifs located on the N-terminal DNA-binding domain, which are
essential for detecting a break in the DNA strand, and signaling for the appropriate repair
enzymes. 31 Cooper et al. have recently shown that uranyl acetate at low micromolar
concentrations can act as an inhibitor of PARP-1 activity similar to arsenic. The uranium
14

exposure generates reactive oxygen species (ROS) that leads to oxidative DNA damage.
They also presented data that determined uranium acetate (UA) enhances ultraviolet
radiation (UVR) induced DNA damage and that supplemental zinc reduces the extent of UAinduced DNA damage retention and that PARP1 activity is inhibited by UA and that the loss
of activity is likely due the loss of zinc from the Zn domains of the enzyme.
Despite the studies that have been done to understand the effects of the spilled
uranium, much remains unknown and is currently being investigated. The complex nature
of uranium and its chemical and radiological toxicity continue to make assessment of
uranium elusive. However, it is known that uranium can induce genotoxicity by two
mechanisms: (a) through generation of alpha particles which induce DNA double-strand
breaks and deletions and are responsible for clastogenic effects, and (b) by induction of
oxidative stress and reactive oxygen species (ROS) which are responsible for aneugenic
effects of uranium. 23,24 Both are types of chromosomal damage where clastogenic is a
chromosome breakage and aneugenic is a mechanism that causes a daughter cell to have an
abnormal number of chromosomes. 23

15

1.3

Silica Polyamine Composites
Since the mid-20th century amorphous silica gels have been a favored solid-state

matrix for applications in chromatography, catalysis, colloid chemistry and as drying
agents. 32Silica polyamine composites (SPC) are solid phase hybrid materials that consist of
an inorganic matrix combined with an organic polymer developed by the Rosenberg
Research Group at the University of Montana. 33,34Theses hybrid materials bring together
the best properties of each component in order to enhance functionality. These silica based
organic-inorganic materials offer a rigid matrix with high porosity and good thermal
stability. 35 Furthermore, the polar nature of the silica polyamine surface also makes for
better mass-transfer kinetics in the case of aqueous solutions, and the polyamine can be
easily modified with metal selective functional groups. 36,37 SPCs act as chelating agents for
a range of metal ions and can also be useful for toxic metal immobilization and disposal.
37They

have led to a wide range of metal-selective materials that in most cases provide a

high loading, rigid, surface that does not shrink or swell. 35These patented materials are
currently being used in medium to large-scale recovery of metals and the remediation of
toxic anionic and cationic pollutants. 32,35
Acid stripping is the primary method of extracting immobilized metals from SPCs.
Without the acid strip, metals can remain on the SPC and can be used as a medium for longterm disposal. 32These composites have been previously found to maintain activity over
more than 7000 test cycles that consist of treating a packed column of SPCs with a metal
ion solution and then acid stripping. These composites showed no visible signs of
degradation and negligible loss in metal ion adsorption capacity under a variety of
conditions. 36
16

1.4

Research Goals
The major goals of this research are to investigate possible remediation techniques

for contaminated ground and surface waters. A variety of methods such as precipitation,
solvent extraction, electrolysis and ion exchange have been employed to remove dissolved
metals from aqueous samples. Most of these have disadvantages such as poor removal
efficiency, high cost, and generation of secondary pollutants and ineffectiveness for low
concentration removal. 38In an effort to address the long-standing health hazards imposed
by abandoned uranium mines, it is proposed here to clean up trace metal contamination
with the use of Silica Polyamine Composites (SPC) to filter, isolate, and remove unwanted
metals, in particular uranium. SPC’s are engineered, patented and commercially produced
(Johnson Matthey Ltd.) materials that are designed to bond with a specified metal and
extract the metal from aqueous solutions for later recovery 33,34,36,39,40. Specifically, an
Aminophosphonic acid functionalized SPC, BPAP. BPAP has been shown to have the ability
to bind and remove uranyl ions from aqueous uranium solutions. 41
SPCs have the ability to be modified with a variety of metal selective ligands which is
vital to an effective remediation processes. Other investigators have also developed
uranium selective ligands such as murexide that have been shown to have good adsorption
of U(VI) over a wide pH range.

38

Jung et.al demonstrated that carboxymethylated

polyethyleneimine (CMPEI) could be an effective polyamine for removal of trace uranium
concentrations.

42Kanatzidis

et.al used a thin-layered sulfide ion exchanger K2MnSnS6

(KMS-1) to show affinity and selectivity for UO22+ ion. 43There are numerous examples of
ligands and sorbents that have high affinity for heavy metal ions in the literature. The
importance of the silica support and the advancement in solid phase extraction technology
17

remains to be an important aspect of many types of separations. Using this information, it
is possible to also develop various types of ligands that can be used to extract uranyl ions
from contaminated soils and waters.
The most challenging task of this research is addressing the high levels of sulfates and
nitrates also present in contaminated water sources located on the Navajo reservation.
44The

high levels of these anions result in the formation of stable nitrate and sulfate

complexes with UO22+ that could potentially reduce uranyl adsorption by the SPC. 44,45Other
challenges include competition with multiple metal cations and the possible removal of
vital ions that benefit other ecosystems like calcium and magnesium ions. Preliminary
studies focused only on mine drainage and used mock solutions to determine the
effectiveness of heavy metal recovery using SPCs. The challenge is developing a material
that can both remove and recover uranium, other actinides and “heavy” metals while
addressing concerns of interfering compounds.

18

Chapter 2: Methodology
2.1

Materials
All chemicals were reagent grade and were purchased from Sigma-Aldrich Co., VWR,

or STREM. Stock solutions of U(VI) and Eu(III) were prepared using uranium nitrate
(UO2(NO3)2±6H2O) and europium nitrate (Eu(NO3)3). Metal solutions were prepared by
dissolving the desired amount of salt in deionized (DI) water. The solution pH was adjusted
from the intrinsic pH using hydrochloric acid (HCl) or sodium hydroxide (NaOH). Mock
solutions were prepared using chloride, sulfate, nitrate and carbonate salts to mimic the
groundwater concentrations. Specifically, potassium chloride (KCl), sodium chloride
(NaCl), magnesium sulfate (MgSO4), calcium sulfate dehydrate (CaSO4 2H2O), sodium
sulfate (NaSO4), uranyl nitrate hexahydrate (UO2(NO3)2 · 6H2O), sodium nitrate (NaNO3),
sodium bicarbonate (NaHCO3) and sodium selenate (Na2SeO4). The mock solutions were
prepared dissolving the desired amount of salts in DI water and then adding hydrochloric
acid as needed to achieve the desired pH. The stripping of adsorbed uranyl from solid
phase adsorbents was accomplished by using a 2M Na2CO3 solution. Metal standards for
ICP analysis were obtained from Sigma Aldrich and Fisher Scientific Co. The syntheses of
the micron scale SPCs, BP-1,WP-1, WP-1, BP-2 and WP-4 were previously reported.
33,34Using

previously prepared BP-1, BPAP was synthesized using formaldehyde (Fisher

Scientific Co.) and Phosphorous acid (Alfa Aesar). Two uranium selective polystyrene
resins were used for comparison and were provided by Purolite Corp. Silica gel was
obtained from INEOS (UK) or Qing Dow Mai Gow (Qing Dow, China) amorphous silica gel
suppliers. Poly(allylamine), MW = 15,000, was obtained from Nitobu Inc. (Japan) and
Poly(ethyleneimine), MW = 23,000, was obtained from Nippon Skokubai (Japan).
19

2.2

Instrumentation
Ambient pH measurements were obtained using a VWR symphony SB20 meter with

a Posi-pH10 electrode. Reactions were stirred using an RW 20 Digital Overhead Stirrer
made by IKA Works GmbH & Co. Reaction flasks were heated using a Fisher Scientific
Isotemp magnetic stirrer hotplate. Batch capacity experiments were equilibrated in a
Precision Scientific 360° shaker bath (Precision Scientific, Inc., Chicago, IL). Column
experiments were conducted with Omnifit adjustable columns. Columns were packed dry
and the challenge solution was fed by a variable-flow FMI Lap Pump model QG20 (Fluid
Metering Inc., Syosset, NY). Metal ion concentrations were determined via Inductive
Coupled Plasma/Atomic Emission Spectroscopy (ICP/AES) (Thermo Electron Corp.).
Samples for the ICP/AES analysis were prepared by filtering out suspended particles and
diluted with 2% HNO3. The samples were done in triplicate and standards were analyzed
after every 10 samples. Elemental analyses (carbon, hydrogen, nitrogen, phosphorous)
were conducted by Galbraith Laboratories, Inc., Knoxville, TN.

2.3

Synthesis of Phosphonic Acid Modified SPC (BPAP)
The synthesis of BPAP begins with the synthesis of SPCs. The synthesis shown in

Figure 2.1 is a general outline for the synthesis of SPCs. The starting material is a hydrated
silica gel with hydroxyl groups unevenly distributed on the surface. A mixture of
trichlorosilanes (mixture of methyltrichlorosilane, MTCS, and chloropropyltrichlorosilane ,
CPTCS) in a 7.5:1ratio are added to form a silanized surface with chloropropyl side chains
on the surface. These side chains provide the anchor points for the polymer.
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Figure 2.1 Synthesis of SPC materials

Figure 2.2 Ligand modified SPC and their applications to date
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This is followed by addition of one of two polymers, either poly(allylamine) (PAA)
(Figure 2.1) which is a linear polymer containing only primary amines or
Polyethyleneimine (PEI) (Figure 2.1) which is a branched polymer containing primary,
secondary and tertiary amines. Once the polymer is attached, a variety of metal selective
ligands can be added through several different chemistries to obtain composites with
various novel chelating ligands (Figure 2.2). In this specific study, PAA was added to the
silanized surface as shown in Figure 2.1. The addition of PAA formed the product BP-1.
The synthesis of BPAP uses a one step Mannich reaction (Figure 2.3). BP-1 reacts with
formaldehyde (CH2O) forming the imine intermediate followed by the addition of the
phosphorous acid ((H3PO3), (nucleophile)) forming the phosphonic acid SPC named BPAP.

Figure 2.3 Synthesis of BPAP from BP-1

Representative synthesis of BPAP
10 g of BP-1 composite was mixed with a solution of 30 mL of 2M HCl and 10 g of
H3PO3 in a 250 mL flask equipped with an overhead stirrer. The flask was heated to 95°C,
and 9 mL of CH2O solution (37%) was gradually added with stirring. The reaction mixture
was heated at 95°C for 24 hours. The flasak was cooled and the product was filtered. The
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resulting composite was washed three times with 40 mL of DI H2O, once with 40 mL of
0.1M NaOH, three times with 40 mL of DI H2O, once with 1N H2SO4, two times with 40 mL
of DI H2O, twice with 40 mL MeOH and two times with 40 mL of DI H2O then dried to a
constant mass at 65°C. The product is weighed and analysed for C, H, N and P by elemental
analysis, IR and NMR.

Figure 2.4 Apparatus for BPAP Synthesis

2.4

Spectroscopic Characterization
The silica polyamine composite, BPAP, was characterized using infrared

spectroscopy (IR) and solid state NMR. IR characterization was done with a Thermo
Scientific Nicolet iS5 spectrophotometer equipped with an iD1 transmission for use with
KBr pellets and an iD7 ATR monolithic diamond crystal. Solid state 13C and 31P CPMAS
spectra were obtained on a Varian NMR Systems 500MHz spectrophotometer at 125 and
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203 MHz respectively and spinning speeds of 5-10KHz.

13C

and 31P are reported relative to

external tetramethyl silane and H3PO4.

2.5

pH Profiles for Uranyl adsorption by SPC
pH profiles were performed on the various SPC for adsorption of uranyl via

equilibrium batch tests. The pH of the challenge solutions was adjusted with hydrochloric
acid and sodium hydroxide. The final concentration of the uranium solution was 1.0 g/L.
Batch equilibrium tests were conducted by adding 0.2 g of BPAP to a 20 mL scintillation
vial and 20 mL of uranium solution at pH values of 2, 4, 6, 7, 8. The vials were then allowed
to equilibrate using a 360° shaker for 24 hours. The vials were allowed to settle and each
supernatant was extracted and diluted with 2% HNO3 solution for analysis using the
ICP/AES. All pH profiles were experiments were done in triplicate.

2.6

Batch Capacities
Batch capacities for BPAP and the polystyrene resins were performed. Similar to the

pH profile the capacities were done using a 1.0 g/L uranium stock solution. 0.2 g of BPAP or
polystyrene resin were weighed and put into scintillation vials followed by 20 mL of
uranium solution. The samples were allowed to equilibrate for 24 hours using a 360°
shaker. All batch experiments were performed in triplicate and at intrinsic pH (pH between
3-4) and at a pH between 7-8 to mimic the pH of water samples previously reported on the
Navajo Nation by EPA 4.

2.7

Column Studies
Uranium ion breakthrough experiments were conducted by packing an adjustable

column with 5 mL (2.1 g) of BPAP. The composite was packed using frits at both ends and
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challenge solutions were pumped from bottom of the column to the top using a variable
flow pump. The flow rate was held constant at 1 mL/min (0.1 column volume/minute). The
packed column was conditioned prior to metal extraction using 50 mL DI H2O, 50 mL 2M
H2SO4, 100 mL DI H2O, 50 mL NH3OH, 100 mL DI H2O followed by 300 mL of 1.0 g/L U at
pH 6.63. Eluent was collected every 20 mL into scintillation vials. The samples were
acidified with 20 μL of HNO3 and later analyzed by ICP/AES. The column was rinsed with
100 mL DI H2O, and then stripped with 2M Na2CO3. The strip eluent was collected in 5 mL
volumes, acidified with 20 μL of HNO3 and later analyzed by ICP/AES. The 2M H2SO4
solution was used to remove any impurities from the packed column and the ammonia was
used to deprotonate the amine to ensure better adsorption of uranyl ions.

Figure 1.5 Images of Column setup
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Chapter 3: Uranium Adsorption Results
3.1

Elemental Analysis, NMR and IR of BPAP
Following the synthesis of BPAP, the composite was weighed and a mass gain of

12.8% was obtained relative to the starting BP-1. However, previous studies reported a
mass gain of 20 -22%. 37 Elemental analysis of BPAP (Table 1) shows that the carbon,
nitrogen and phosphorus amounts were less than then the previous reported values
however the ratio of nitrogen to phosphorus is the same at 0.88. Since there are more
phosphorus atoms compared to the number of nitrogen atoms, this suggests
difunctionalization of the available amines. As an additional confirmation the europium
capacity was measured and was determined to be much higher than the previous reported
(52 mg/g.) values for both particles sizes smaller than 250 μm and greater than 250 μm
with a batch capacity of 65.95 mg/g and 62.67 mg/g respectively (Table 1).
Table 1 BPAP Elemental Analysis
Element

Result

mmol/g

Literature 37

Carbon

11.35%

9.44

Hydrogen

3.39%

33.6

Nitrogen

2.05%

1.46

Phosphorus

5.12%

1.65
0.88

10.0
mmol/g
29.9
mmol/g
1.58
mmol/g
1.79
mmol/g
0.88

66.0 mg/g

0.43

50 mg/g

62.7 mg/g

0.26

N/P

Eu Capacity (<250μm)
(>250μm)
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Upon completion of elemental analysis of the composite BPAP, the same composite
was analyzed using 31P NMR to ensure that the phosphonic acid was bound to the SPC
surface. The spectra of 31P NMR shows all the phosphorus peaks including the side bands
(SB, Figure 3.1). A previous study 37 suggested that the major peak (δ 10.11) possesses a
small shoulder. This small shoulder demonstrates that there are two types of phosphorus
groups attached to the amines on the surface of the SPC. Of which one has two phosphonic
acid groups and the other has only one group attached. This was confirmed using 2D

10.11

phosphorus-proton correlation experiment in that study 37.
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Figure 2.1 31P NMR spectra of BPAP

The composite was further analyzed by IR spectroscopy. The IR data (Figure 3.2)
shows a broad absorption at 3439 cm-1 indicative of NH and OH stretches. The intense
absorption at 1102 cm-1 is an overlap of both the Si-O, P-O and P=O bonds. Previous
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research 37 also suggested that the P=O also has an absorption at 1250 cm-1 which maybe
the reason there is a shoulder on the peak at 1102 cm-1. The amines have stretches at 1647
cm-1 and 1467 cm-1. This data was obtained using a KBr pellet and ATR diamond. All the
appropriate peaks are similar to those previously reported.41

Figure 3.2 IR spectra of BPAP

3.2

Uranium Capacity
The capacity of BPAP was measured using equilibrium batch capacities. Since BPAP

was effective at adsorbing uranyl ions at all pH conditions, it was decided to use intrinsic
pH (pH between 3-4) of the uranyl nitrate stock solutions and a pH value between 7-8 to
mimic the pH of the groundwater located on the Navajo Nation. For this particular study,
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we began by first exploring SPCs that have been produced on a commercial scale, such as
WP-1 in particle sizes less than and greater than 250 μm, WP-2M, WP-4, BP-2M to evaluate
the relative ability of all these composites to adsorb uranium compared to BPAP. The
equilibrium batch capacities were done using 1.0 g/L uranium solution at intrinsic pH (pH
3.3) and measuring residual uranyl in solution by ICP/AES. Table 2 shows the results of
these studies. Based on the results it was determined that composites with smaller particle
sizes had better adsorption because these composites have a greater surface area than
those with larger particle sizes except in the case of BPAP. Whereas, with WP-1 the
Table 2 Batch Capacities of SPCs
Composite

mg/g

mmol/g

BPAP (<250 μm)

98.1

0.41

BPAP (>250 μm)

98.1

0.41

WP-1 (<250 μm)

97.9

0.64

WP-1 (>250 μm)

64.7

0.43

WP2-M (<250 μm)

87.7

0.47

WP4 (>250 μm)

68.6

0.29

BP2M (<250 μm)

86.5

0.36

surface area plays a significant role in its ability to bind uranyl ions. WP2-M and BP2M both
seem to perform well and should be explored more in later studies. WP-4 performed
poorly.

29

All composites have some reasonable adsorption of uranyl. However, the analysis of
BPAP with the aminophosphonic acid functional group has shown that regardless of
particle size has consistent adsorption of uranyl and has the best capacity overall.

3.3

pH Profiles
Next we evaluated the capacity of the SPCs over a range of pH values, specifically pH

2-8 where the uranyl cation is the dominant species. Using a more dilute solution of uranyl
nitrate (200 ppm), BPAP removed uranium to below detection limit while the other
composites had significant residual uranyl cation in solution (Table 3). A second pH profile
for BPAP with a 500 ppm uranyl nitrate solution also showed adsorption to below
detection limit (0.1 ppm). This data demonstrates BPAP’s effectiveness to bind uranyl
cations compared to other SPCs.
Table 3 pH profile for SPC
Composite

WP-1
WP-4
WP-2
BPAP
(200ppm U)
(500ppm U)

pH 2
mg/g
(mmol/g)
14.6
(0.06)
16.9
(0.07)
15.0
(0.06)

pH 4
mg/g
(mmol/g)
9.88
(0.04)
16.3
(0.07)
19.3
(0.08)

pH 6
mg/g
(mmol/g)
18.5
(0.08)
17.4
(0.07)
18.4
(0.08)

pH 8
mg/g
(mmol/g)
18.2
(0.08)
15.8
(0.07)
18.7
(0.08)

BDL
BDL

BDL
BDL

BDL
BDL

BDL
BDL

The next step was to explore BPAP’s ability to bind uranium in the presence of competing
ions such as nitrate and sulfate. These anions were chosen because of their concentrations
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in groundwater samples located on the Navajo reservation. The EPA collected the data
from monitoring wells located at different sites in Shiprock, NM (former uranium ore
milling site). The nitrate concentrations were reported as being between 857.5 ppm above
the tailing site, 1905 ppm just below tailing site and 2813 ppm at the tailing site. The
sulfate concentrations were reported as 12,700 ppm, 16,300 ppm, 11,402 respectively.
Since both sulfate and nitrate have the ability to form complexes with uranium this
study was designed to explore how these ions affected BPAP’s ability to adsorb uranyl. The
nitrate concentration in the stock solution was 2.0 g/L and 1.0 g/L uranium. In the other
stock solution the sulfate concentration was 12.0 g/L and 1.0 g/L uranium. Equilibrium
batch capacities were examined at intrinsic pH, pH 3.44 and pH 4.25 respectively and were
done in triplicate. Based on the data collected, it can be seen that the presence of large
excesses of both nitrate and sulfate as their sodium salts does not affect the capacity for
uranyl cation. This is especially significant for sulfate since the sulfate complex of uranyl
cation has an equilibrium constant of 2500. 46
Table 4 BPAP Batch Capacities with Competing Ions.
Composite
BPAP (1000ppm U)
At ~pH 7

U only
mg/g
(mmol/g)
98.4
(0.41)

U + NO3mg/g
(mmol/g)
99.2
(0.42)

U + SO4-2
mg/g
(mmol/g)
99.4
(0.42)

BPAP (1000ppm U)
At intrinsic pH

99.1
(0.65)

99.0
(0.42)

98.8
(0.41)

Once the affect of competing ions was determined, the next question was to
determine how well BPAP can adsorb uranyl in the presence of multiple ions, both cations
and anions. In other words, the task was to use the actual profile of the contaminated
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waters. This was done by first preparing a mock solution that was similar to the
groundwater located on the Navajo Nation. Two solutions were prepared, one that was
indicative of high concentrations of uranyl and another that had trace concentrations. The
concentrations of the different elements are listed in Tables 5 and 6.. The ICP data showed
the residual uranium was below detection limit (0.1 ppm) for uranyl using batch
procedures previously performed. There was slight co-loading of Ca2+, approximately 0.09
Table 5 High Concentration Mock Solution
Element

Element

Ca2+

Concentration
g/L
0.397

Element

Mg2+

Concentration
g/L
0.718

Se

Concentration
g/L
0.203

Cl-

0.702

Na+

2.33

U

4.38

HCO3-

1.69

SO4-2

11.4

K+

0.135

NO3-

2.81

Element
Se

Concentration
g/L
0.752

U

0.189

Table 6 Trace Concentration Mock Solution
Element

Element

Ca2+

Concentration
g/L
0.326

Mg2+

Concentration
g/L
1.29

Cl-

4.133

Na+

4.67

HCO3-

0.371

SO4-2

12.7

K+

0.048

NO3-

0.859

g/L and 0.02g/L for the high and low uranyl solutions respectively. Mg2+ did not co-load
within experimental error. There was also no interference from the large concentration of
sulfate and nitrate in both solutions. From these results it can be stated that BPAP is
selective for uranium even in the presence of other cations. The anion concentration was
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not determined in this study but for future studies these concentration can be determined
by Ion Chromatography (IC) analysis.
The next study was to compare BPAP to other commercially available polystyrene resins.
The pH profiles for uranyl were performed using BPAP and Purolite S950 and Purolite
PFA600/4740. The Purolite polystyrene resins are reported to have high selectivity and
capacity for uranium. The Purolite S950 has an amino phosphonic acid functional group in
the sodium form and is a direct analog to BPAP. The Purolite PFA600/4740 has a
quaternary ammonium functionality and targets the capture of uranium as the anionic
complex with sulfate and carbonate. Based on the previous batch capacity procedures and
ICP analysis, there was no residual uranium present in the BPAP samples at all pHs. This
demonstrates BPAP’s ability to adsorb uranyl ions at all pHs.

Table 7 pH Profile for BPAP and Polystyrene Resins
Composite

BPAP
PuroliteS950
Purolite
PFA600/4740

pH 2
mg/g
(mmol/g)

pH 4
mg/g
(mmol/g)

pH 6
mg/g
(mmol/g)

pH 7
mg/g
(mmol/g)

pH 8
mg/g
(mmol/g)

97.4
(0.41)
43.1
(0.18)
5.7
(0.02)

98.1
(0.411)
94.0
(0.40)
10.0
(0.04)

99.8
(0.42)
88.1
(0.37)
62.3
(0.26)

98.9
(0.42)
86.9
(0.37)
92.0
(0.39)

98.2
(0.41)
86.3
(0.36)
90.1
(0.38)

The data for Purolite PFA600/4740 is not relevant because this material would only be
effective in the presence of high sulfate or carbonate.
The batch and pH profile of Purolite S950 suggest there was reasonable amounts of
uranyl cation removed. However, at pH 2 the polystyrene resin was not as effective but at
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pH 4 the resin was comparable to BPAP. There is some reduced adsorption at the higher
pHs.
When examining the batch capacities of these resins in the environment with
competing ions, sulfate and nitrate at pH 7, it can be seen in Table 8 that the adsorption of
uranyl cation decreases in the presence of competing ions like sulfate and nitrate. The
Purolite PFA600/4740 performed better in the presence of sulfate and this is due to the
complexing of uranyl cation with sulfate, forming the anionic complex, UO2(SO4)nm- ( n=13, m=0, -2, -4).
Table 8 Polystyrene Resins Batch Capacities with Competing Ions
Composite
Purolite S950
Purolite
PFA600/4740

3.4

U only
mg/g
(mmol/g)
86.9
(0.37)

U + NO3mg/g
(mmol/g)
14.5
(0.06)

U + SO4-2
mg/g
(mmol/g)
15.9
(0.07)

92.0
(0.39)

22.9
(0.10)

53.1
(0.29)

Column Breakthrough and Recovery
Once the capacity for uranium was established, the next set of experiments to

perform were dynamic column studies. These analyses are used to determine the working
capacity of BPAP under flow conditions and the mass-transfer kinetics. The sharpness of
the metal ion breakthrough curve is an important feature in ion exchange properties of the
material 36. A curve that has a steep transition from zero to metal ion feed concentration in
the eluent is associated with superior mass-transfer kinetics 36.
Keeping this in mind we began by first running a column using 1000 ppm uranium
nitrate solution at a pH of 7 to mimic conditions of groundwater on the Navajo Nation. A
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300 mL feed solution was prepared that had a concentration of 1.0 g/L uranium. This
solution was fed through the column at a flow of 1 mL/min and the eluents were collected
in 20 mL volumes. The uranium broke through at approximately 80 mL and steadily
reached full breakthrough as shown in figure 3.3. This is an indication that the uranyl
cations are slow at adsorbing onto the surface of BPAP. The amount of uranium that was
loaded onto the column at full breakthrough was evaluated and calculated to be 154 mg
and whereas the amount unloaded using 2M Na2CO3 within the first 10 mL was 151 mg
using the strip data (figure 3.4). This gives an estimated mass balance of 98% ±10%. This
represents an acceptable mass balance. However, the saturation point for this column was
calculated to be about 266 mg. This means that the column reached saturation prior to its
estimated saturation point. While the calculated flow capacity of 29.1 mg/g for the bed
volume of 2.8 g of BPAP, this is not in agreement with the batch capacities previous
performed. Therefore we decided not only redo this experiment but to also use a uranium
nitrate solution at intrinsic pH.

Column Breakthrough

BPAP, Flow: 1mL/min, [U] 1000 ppm
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Figure 3.3 BPAP Breakthrough Column [U]=1000 ppm, pH 7
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Figure 3.4 Column Strip Profile

Figure 3.5 displays a comparison of the breakthrough profiles for BPAP at pH 7.03
and 3.31. The uranium broke through at about 200 mL at pH 3.31 and 120 mL at pH 7.03.
This is an indication of higher efficiency of the adsorbent material, BPAP, packed in the
column in removing the desired solute. This also means that the column capacity of the
BPAP is high and it will function for longer time without regeneration/replacement of the
column material. These results are a better indication of BPAPs adsorption and selectivity
for uranium.
The column was stripped using a 2M Na2CO3 solution. The eluent was collected in 5
mL volumes. The uranium adsorbed onto the column was stripped within the first 15 mL.
The amount of uranyl loaded onto to the column was calculated to be 308 mg and 260 mg
respectively, which are similar or above of the calculated saturation point of 266 mg
respectively. At pH 3.31, 308 mg was loaded onto the column at full breakthrough were
loaded onto the surface of BPAP and 342 mg was stripped off. The calculated flow capacity
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of 146 mg/g for the bed volume of 2.1 g of BPAP . Similarly, at pH 7.03, 260 mL was loaded
onto the column at full breakthrough and 304 mg was stripped from BPAP. The calculated
flow capacity of 124 mg/g for the same bed volume of 2.1 g of BPAP. However this is the
second test cycle of this column. The strip data calculates to 339 mg and 300 mg
respectively for the first three strips volumes. This gives an estimated mass balance of
111% ±10% and 117% ±10% respectively. The 10% is a common error for this type of
estimation. The fact that the flow capacity is approximately 50% greater than the batch
capacities does not make sense. The difference can be credited to precipitates forming and
flowing through the column, which is not ideal. Therefore these breakthroughs need to be
repeated to get accurate results. It is important that the flow capacity and the batch
capacities are close in value because they can demonstrate the potential for a remedial
application.

Column Breakthrough
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Figure 3.5 Breakthrough Column [U]=1000 ppm, pH 7 and pH 3
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Figure 3.6 Column Strip Profiles

We also attempted to determine how the working capacity of BPAP performs under
conditions of flow and the presence of competing ions such as nitrate. Figure 3.7 shows
that uranium in the presence of 2000 ppm nitrate broke through at approximately 140 mL
and steadily reached full breakthrough. The slight decrease maybe attributed to ICP
analysis and precipitate formation in eluent. The amount of uranyl loaded onto to the
column was calculated to be 185 mg, which is below the calculated saturation point of 216
mg. The difference is a direct result of technique and overall analysis. At pH 7.02, 185 mg
was loaded onto the column at full breakthrough. The calculated flow capacity of 84.09
mg/g for the bed volume of 2.2 g of BPAP. The strip data (figure 3.8) calculates to 191 mg
for the five strips volumes. This gives an estimated mass balance of 104% ±10%. Although
this data is again not ideal, it provides us with an informative insight that BPAP remains to
have selectivity for uranium in the presence of high concentrations of nitrate under
conditions of flow. This again shows the promising feature for uranium adsorption by
BPAP.
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Figure 3.8 Column Strip Profile

Although the data for column breakthrough is inconsistent compared to the
equilibrium batch capacities, they are still useful in terms of identifying the need to
optimize this procedure and overall studies. Many of the problems are coupled with the
precipitation of uranyl and speciation due to the pH and precipitation in the load flow
through. Efforts are currently being undertaken to troubleshoot the issues associated with
the lack of reaching full breakthrough. These issues maybe associated to precipitates
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forming at higher pH. These precipitates also pose additional problems with analysis by
ICP. We are currently developing alternative methods to address this problem. In addition,
data sets from the dynamic column elution of both uranium in the presence of competing
ions (sulfate) and mock solutions (multiple ions both cations and anions) are being
processed. The breakthrough data presented here are only preliminary results and they
require further testing as well optimization.

3.5

Error Analysis
Every measurement has a certain amount of uncertainty that is associated with that

measurement. When determining the degree of uncertainty it can be a difficult task,
nonetheless it cannot be neglected. The instrument uncertainties were overcome through
calibration prior to operation. The amount of uncertainty obtained during reaction and
analysis methods were overcome by performing them in triplicate and replicates. This is
true except for the preliminary column elution studies in which we only performed a single
breakthrough due to the lack of time and funding. However, these studies were done in a
timely matter as to get a picture of the capacity under conditions of flow. Further studies
will be performed in triplicate and replicates will be done in the near future. Based on
personal mistakes such as dilutions, improperly filtered samples and etc. were assigned a
maximum standard deviation of 3%. Random errors and fluctuations in results occur when
replicate experimental data are collected. The specific causes can be attributed to many
sources such as experimental methods and uncertainties associated with glassware,
instrument error and analysis error. The errors in samples analyzed by elemental analysis
were ±0.5% for composite analysis. These results were provided by Galibraith
Laboratories, Inc. Samples analyzed by ICP/AES were confirmed using stringent QA/QC
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protocols. The errors in samples are estimated to be ±10% of standard calibration. The
detection limit of the instrument for uranium is 0.1 ppm for an undiluted sample. However
the detection limits are influenced by the dilution. Diluted samples will have a higher
detection limit. Therefore these adjustments were made when reporting data. In addition,
some of the samples had high concentrations of sodium that skewed the overall uranium
concentration within 30% of reported value. We are currently working on an alternative
method to reduce the amount of sodium to obtain a more accurate idea of the actual
uranium concentrations.

Chapter 4: Conclusions & Future Work
This research and previous research has demonstrated that SPCs offer a metal
selective matrix that has the ability to provide high loading, rigid, porous and hydrophilic
surface that does not shrink or swell 35. These patented materials are currently being used
in medium to large scale recovery of metals and the remediation of toxic anionic and
cationic pollutants 32.
Specifically, BPAP has been shown to be selective for uranium. The equilibrium
batch tests revealed that BPAP is the most effective at adsorbing uranium when compared
to other composites and polystyrene resins. BPAP is effective at adsorption of uranyl even
in the presence of other competing ions such as Mg+2, Ca+2, HCO3-, NO3-, SO4-2 and other
elements that naturally occur in freshwater sources. Its capacity remains almost
unchanged when examined by equilibrium batch methods.
The values reported for the batch capacity for europium (Eu) and uranium (U), it
can be speculated that Eu uses more of the phosphonic acid sites based on a per mole basis.
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Since Eu is a +3 and U is a +2 charge, a higher charge molecule like Eu will coordinate more
phosphonic acid groups on the surface of the SPC. The ratio of P:Eu is 3.6, so this means
that there is approximately 3.6 BPAP groups per Eu atom. This makes sense because on
BPAP there is a P=O with and -1 charge and since Eu is a big atom it prefers to coordinate
6-7 bonds. BPAP can coordinate via the P=O and P-O bonds. It has been reported in
literature that it is only the double bonded oxygen or the oxo group that coordinates to
these kinds of ions. The same could be stated for the uranium, in that the ratio of P:U is
about 3.9. So there is approximately 3.9 BPAP groups per U atom. This indicates that it is
binding through the oxo similar to that of Eu. The average coordination numbers is
between 6-8 for both Eu and U.
The breakthrough column experiments have yet to be validated in terms of BPAPs
working capacity under flow conditions. However, some the data presented has given some
insight into the mass transfer kinetics involved. While the preliminary results from the
column studies are incomplete and somewhat unsatisfactory, most of the results can be
credited to technique. However, the data set displays some promising aspects of BPAP in
that is remains to be selective for uranium and that the uranium does not immediately
breakthrough the column. In addition, BPAP has the ability to not only remove uranyl ions
but they can also be recovered with the use of a carbonate stripping agent. This stripping
method is consistent throughout all column studies and shows much promise in terms of
uranium recovery from BPAP within the first 10-15 mL of strip solution. This is a important
aspect of the method because it allows for reusability of the composite.
Previous studies tested BPAP and its ability to adsorb various metals such as alkali,
alkaline earth and transition metals. In that study most metals analyzed reached 100%
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breakthrough except uranium and iron 47. Iron decreases BPAPs selectivity for uranium
because iron co-loads with uranium onto the surface of BPAP. Since the water sources
located on the Navajo reservation do not have significant amounts of iron this does not
pose a problem.
This research was designed to determine the ability of BPAP to bind uranium. It has
been establish that BPAP performs well in the presence of multiple ions even those that are
known to complex with uranium. Since previous studies have shown that SPC can be
reused for more than 3000 metal extraction cycles and have less than 10% loss of capacity,
we can state that BPAP has the ability to provide a tangible remediation technique for
uranium.
All future studies will focus on testing this technology with real world water
samples. They will also focus on optimizing the SPC either to be more selective for uranium
and other metals of interest through ligand design. There have been a number of other
studies that have designed metal selective composites, resins and materials that could be of
great interest in terms of attaching to SPCs.
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